Purpose: The E6 and E7 oncoproteins of HPV-associated epithelial cancers are in principle ideal immunotherapeutic targets, but evidence that T cells specific for these antigens can recognize and kill HPV þ tumor cells is limited. We sought to determine whether TCR gene engineered T cells directed against an HPV oncoprotein can successfully target HPV þ tumor cells.
Introduction
Adoptive T-cell therapy (ACT) is a promising cancer treatment modality that is showing encouraging results in clinical trials (1) . Adoptive transfer of tumor-infiltrating lymphocytes (TIL), T cells isolated from a metastatic tumor and expanded ex vivo, can cause complete regression of metastatic melanoma and cervical cancer in some patients (2, 3). TIL therapy might be applied to a broader range of cancers through advanced genomics and immunology (4) , but this technology is not widely available. A more "off-the-shelf" approach can be achieved by administering peripheral blood T cells genetically engineered to express a tumor-targeting chimeric antigen receptor (CAR) or T-cell receptor (TCR). This strategy has shown encouraging early results in clinical trials for B-cell malignancies, melanoma, and synovial cell sarcoma (1) . Efforts to extend this approach to epithelial cancers have generally targeted antigens that are shared by tumors and healthy tissues, and they have been limited by T-cell-mediated on-target, off-tumor toxicity to important tissues (5) (6) (7) . This toxicity might be avoided by targeting a tumor antigen that is not expressed by healthy tissues, but few antigens are both exclusive to malignant cells and expressed commonly by a particular family of epithelial cancers (1, 5) .
The human papillomavirus (HPV) E6 and E7 oncoproteins are in principle ideal targets for TCR gene therapy. They are constitutively expressed by and important for the survival of HPV þ cancers of the uterine cervix, oropharynx, anus, vulva, vagina, and penis, and they are absent from healthy tissues (1) . The viral origin of these antigens suggests that they might be targeted with T cells, the arm of cellular immunity evolved for specific recognition and killing of cells harboring viral proteins. However, despite extensive studies, including clinical trials of vaccines directed against E6 and E7 ( [8] [9] [10] [11] [12] , evidence that T cells targeting these antigens can recognize HPV þ tumor cells is limited. Indeed, HPV þ tumor cells possess diverse means of immune evasion that may protect them from T-cell targeting (13, 14) . HPV þ cervical cancer and head and neck cancer cell lines have been reported to elude recognition by oncoprotein-specific T cells through impaired antigen processing and presentation, including low expression of transporter associated with antigen processing (TAP), proteasome subunits, and human leukocyte antigen (HLA) class I proteins (15, 16) . Other mechanisms may also undermine antitumor T-cell responses, including tumor production of inhibitory cytokines, attenuated tumor responsiveness to interferons, and limitation of T-cell avidity through molecular mimicry of human proteins by HPV oncoproteins (13, 14) . We sought to determine whether these immunosuppressive mechanisms could be overcome by targeting HPV þ tumor cells with genetically engineered T cells expressing an avid TCR directed against an HPV oncoprotein. HPV-16 and HPV-18 are the most common high-risk HPV types to cause human cancers. The E6 and E7 proteins of these HPV types do not share potential HLA class I-restricted epitopes. Therefore, T-cell therapy directed against the oncoproteins of HPV-16 or HPV-18 must be restricted to either viral type. HPV-16 is responsible for most cervical cancers and nearly all HPV þ cancers at other anatomical sites, and is therefore the preferred target (17, 18) . Human leukocyte antigen (HLA)-A Ã 02:01 is the most common HLA allele in Caucasian patients, and HLA-A Ã 02:01-restricted naturally processed and presented epitopes of HPV-16 E6 and E7 have been described (19) . We therefore sought to identify an HLA-A Ã 02:01-restricted, HPV-16-oncoprotein-reactive TCR with which to assess the targeting of HPV 
Materials and Methods

Patients
The tissues studied were acquired with informed consent from patients enrolled on NIH Clinical Center (Bethesda, MD) Protocol Number 03-C-0277, which was approved by the NIH Clinical Center Institutional Review Board. Leukapheresis was performed by the Surgery Branch Leukapheresis Unit. Peripheral blood mononuclear cells (PBMC) were isolated from leukapheresis samples and cryopreserved by the Surgery Branch TIL Laboratory using standard operating procedures.
Cell lines
Cell lines were cultured in media consisting of RPMI-1640 (T2, CaSki, 624, 3748 TC, 3569 TC, 2191 TC) or DMEM (SCC90, SCC152, 293 lines) supplemented with 10 percent FBS, L-glutamine 2 mmol/L (Quality Biological), 2-mercaptoethanol 50 mmol/L (GIBCO), penicillin 100 U/mL (Life Technologies), and streptomycin 100 mg/mL (Life Technologies Generation of TIL TILs were grown from 2 mm fragments of fresh tumor in 24-well plates using culture media composed of 50% AIM V (Life Technologies) and 50% RPMI-1640 (Life Technologies) that was supplemented with 10% human serum (Division of Transfusion Medicine, NIH), IL-2 300 IU/mL (Novartis), gentamicin 5 mg/mL, L-glutamine 2 mmol/L (Quality Biological), 2-mercaptoethanol 50 mmol/L (GIBCO), penicillin 100 U/mL (Life Technologies), and streptomycin 100 mg/mL (Life Technologies; ref. 20) . TIL cultures were split when confluent and studied when they reached sufficient numbers, typically four wells of confluent cells.
Generation of DCs
DCs were generated from the adherent fraction of PBMC and cultured in media composed of DMEM supplemented with 10% FBS, L-glutamine 2 mmol/L, streptomycin 100 mg/mL, penicillin 100 U/mL and 2-FBS mercaptoethanol 55 mmol/L, recombinant human granulocyte macrophage-colony stimulating factor 1,000 U/mL (Peprotech), and recombinant human IL4 1000 U/mL (Peprotech) for 6 days. Cytokines were replenished every other day.
T-cell transductions
PBMCs were stimulated with soluble anti-CD3 (OKT3) 30 ng/mL and IL2 300 IU/mL. Transduction was performed 2 days after stimulation using retrovirus encoding the E6 TCR. Retrovirus was generated by transient transfection of 293GP cells with MSGV1-E6 TCR plasmid (insert synthesized and subcloned into MSGV1 by Gene Oracle) and a RD114 envelope plasmid. Transductions were performed using retronectin coated plates (Takara Bio) as described previously (21) .
Determination of the E6 TCR nucleotide sequence
TILs generated from tumor fragments were cocultured with autologous DCs loaded with the E6 peptide pool for 24 hours. Cells expressing CD137 were positively selected using magnetic beads (Miltenyi Biotec), pooled, and expanded for 2 weeks using a rapid expansion protocol (20) . These cells were then cocultured for 24 hours with 293-A2 cells transfected with a vector encoding full-length E6, and the CD137 þ cells were positively selected with magnetic beads. RNA was isolated from the selected cells using an RNeasy Mini Kit (Qiagen), and TCRa-and b-chains were amplified with using a 5 0 RACE-PCR SMARTer RACE cDNA Amplification Kit (Clontech) with primers specific for the TCRa (5 0 -GCC-ACAGCACTGTTGCTCTTGAAGTCC-3 0 ) and TCRb (5 0 -CAGG-CAGTATCTGGAGTCATTGAG-3 0 ) constant regions. 5 0 RACE products were cloned with a TOPO TA Cloning Kit (Life Technologies), transformed into TOP10 chemically competent E. coli (Life Technologies), and single colonies sequenced (Macrogen) and analyzed using the IMGT/V-Quest online tool.
Translational Relevance
TCR gene therapy, infusion of T cells genetically engineered to express a tumor-specific TCR, is an emerging cancer treatment modality. Its application to epithelial tumors, the most common human cancers, has been limited by injury to healthy tissues that express target antigen. Here, we describe the discovery of a novel TCR for gene therapy that might circumvent toxicity to healthy tissue by targeting HPV-16 E6, a viral tumor antigen that is absent from healthy tissues. We demonstrate that gene engineered T cells directed against HPV-16 E6 can recognize and kill cervical, and head and neck cancer cells and that they are unlikely to possess cross-reactivity against human proteins. This work is the basis for a new personalized cellular therapy for HPV-16 þ epithelial cancers.
Immunologic assays
TILs were tested for reactivity against the E6 and E7 antigens using as targets DCs loaded with pools of 15-mer peptides overlapping by 11 amino acids and spanning the full length of the antigen indicated in the figure legend (Miltenyi Biotec). Following overnight coculture, the concentration of IFNg in the supernatants was quantified by ELISA (R&D Systems). The E6 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] 
Analysis of excised tumor
IHC was performed by the NIH Clinical Center Laboratory of Pathology using standard operating procedures. Tumor expression of HPV oncoproteins was assessed by real-time RT-PCR. RNA was isolated from tumor using an RNeasy Mini Kit (Qiagen). cDNA was generated with qScript cDNA SuperMix (Quanta Biosciences). Gene expression was analyzed using custom genespecific TaqMan primers and probes. TCR deep sequencing was performed by ImmunoSEQ (Adaptive Biotechnologies).
Flow cytometry
Cells were labeled with APC-H7-conjugated anti-CD3 (BD Biosciences), PE-Cy7-conjugated anti-CD8 (BD Biosciences), or PE-conjugated anti-mouse TCRb (eBioscience). E6 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] /HLA-A Ã 02:01 and E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] monomers were provided by the NIH Tetramer Core Facility. Tetramers were assembled and labeled following NIH Tetramer Core Facility protocols. Data were acquired with a BD FACSCanto II flow cytometer (BD Biosciences) and analyzed with FlowJo software (FlowJo, LLC).
Results
A patient with an ongoing, prolonged disease-free interval after her second resection of metastatic anal cancer harbored tumorinfiltrating lymphocytes reactive against HPV-16 E6
To identify HLA-A Ã 02:01-restricted, HPV-16 oncoprotein-reactive T cells, we studied TIL cultures from the tumor of an HLA-A Ã 02:01 þ patient with metastatic anal cancer (Patient 3809). This patient had an unusual clinical course marked by a prolonged, ongoing disease-free interval after her second resection of distant metastatic disease (Fig. 1A) . Her second metastasectomy was of a portal lymph node tumor ( Fig. 1B) , which was excised for the generation of TIL to be administered when she developed measureable disease at another site (3). Additional metastatic disease did not materialize, and she remains disease free more than 22 months later. The resected tumor was analyzed to determine whether it expressed the HPV oncoproteins and HLA class I molecules. Consistent with the presence of high-risk HPV, it displayed uniform, bright labeling with anti-p16 antibody (Fig. 1C) . Real-time reverse-transcription PCR (RT-PCR) with type-specific primers confirmed expression of the HPV-16 E6 and E7 oncoprotein genes ( Supplementary Fig. S1 ). Tumor expression of HLA class I and infiltration with CD8 þ cells were evident by IHC, suggesting that HLA class I-restricted antigen presentation might be possible (Fig. 1C) . TIL cultures were generated from 23 of 24 tumor fragments and tested for reactivity against HPV-16 E6 and E7 (Fig. 1D ). Cultures from nine fragments appeared to show reactivity against E6 but not E7 or gp100. Addition of anti-HLA class I blocking antibody reduced this reactivity in most cultures, but interpretation of the blocking results was limited by a lack of controls for blocking-antibody specificity. However, taken together these findings suggested the presence of CD8 þ TIL with HPV-16 E6 reactivity.
3809 TIL recognized an HLA-A2-restricted epitope of E6 and an HLA-A2 þ cell line expressing full-length E6
To test whether TIL from Patient 3809 recognized a naturally processed and presented epitope of E6, we generated from 3809 TIL, a population of T cells enriched for E6 reactivity (E6 TIL) and tested it for recognition of 293-A2 cells (293 line with stable expression of HLA-A Ã 02:01) transfected with a vector encoding full-length E6. Generation of the E6 TIL was accomplished by magnetic bead selection of CD137 þ cells (22) following overnight incubation of TIL cultures with autologous dendritic cells (DC) loaded with overlapping peptides spanning E6. Isolated CD137 þ cells from each of the TIL cultures were pooled and expanded using a rapid expansion protocol. These expanded E6 TIL cells showed recognition of 293-A2 cells transfected with a vector encoding full-length E6 ( Fig. 2A) . The same target cells transfected with a vector encoding GFP were not recognized ( Fig.  2A ). This result indicated that the E6 TIL recognized a naturally processed and presented epitope of E6, and it suggested that this recognition was HLA-A Ã 02:01 restricted. We postulated that a population of the E6 TIL might be directed against E6 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] , a purported HLA-A Ã 02:01-restricted epitope (19) . To assess this possibility, we performed flow-cytometric analysis of T cell binding to HLA-A Ã 02:01/E6 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] tetramers. Thirty-two percent of the cells were CD8 þ and bound to HLA-A Ã 02:01/E6 29-38 tetramers (Fig. 2B) . Thus, the E6 TIL showed recognition of target cells expressing HLA-A Ã 02:01 and full-length E6 ( Fig. 2A) , and binding to HLA-A Ã 02:01/E6 29-38 tetramers (Fig. 2B ) suggesting that they might recognize HPV-16 þ cells through HLA-A Ã 02:01-restricted targeting of E6 [29] [30] [31] [32] [33] [34] [35] [36] .
The dominant E6-reactive T-cell clonotype was present at greater frequency in 3809 tumor than peripheral blood
To investigate whether the dominant E6-reactive T-cell clonotype from E6 TIL preferentially localized to tumor in vivo, we performed TCR clonotype analysis of 3809 tumor and peripheral blood. To identify the dominant E6-reactive T-cell clonotype from E6 TIL, E6 TILs were cocultured with 293-A2 cells transfected with full-length E6, and CD137 þ cells were isolated by magnetic bead separation. TCR a-chain and b-nucleotide sequences of isolated cells were amplified by 5 0 rapid amplification of cDNA ends (5 0 RACE), and the sequences of the 5 0 RACE products were determined. A dominant (8/9 bacterial clones sequenced) b-chain clonotype (E6 TCR) was identified and verified as E6 reactive as described in the sections below. The E6 TCR was the eighth most common T-cell clonotype in the tumor with a frequency of 1.6 percent (Fig. 2C) . In peripheral blood it was ranked 4,713 with a frequency of 0.004% (Fig. 2C ). This greater frequency in the tumor than in the peripheral blood suggested that it preferentially accumulated and/or expanded in the tumor, presumably due to the presence of cognate antigen. However, other T-cell clonotypes infiltrating the tumor were also more frequent in tumor than peripheral blood, and definitive testing of the E6 TCR for autologous tumor recognition was not possible as a tumor digest or autologous tumor line could not be generated.
T cells gene engineered to express a TCR from E6-reactive TIL (E6 TCR) displayed HLA-A Ã 02:01/E6 29-38 tetramer binding and high functional avidity for E6 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] A vector insert was designed encoding the a-and b-chains of the E6 TCR (with the constant regions of each TCR chain exchanged for their murine counterparts) linked by a furin 2A self-cleaving peptide (Fig. 3A) . The insert was codon optimized for expression in human cells, synthesized, and cloned into an MSGV1 retroviral expression vector. T cells from peripheral blood mononuclear cells (PBMC) transduced to express the TCR displayed expression of the murine TCR b-chain constant region and binding to HLA-A Ã 02:01/E6 29-38 tetramers (Fig. 3B ). This binding was evident in both the CD8 þ and CD8 À transduced cells indicating avidity sufficient for CD8-independent ligation of cognate peptide-HLA complexes. To measure functional avidity, CD4-or CD8-enriched T cells were transduced to express the E6 TCR, and were cocultured with T2 cells pulsed with titrated concentrations of cognate peptide (Fig. 3C) Target antigen (Fig. 4) . Transfected 293 cells expressing full-length E6 plasmid were recognized only if they also expressed HLA-A Ã 02:01 (Fig. 4) . Thus, the restriction element for the E6 TCR was confirmed to be HLA-A Ã 02:01. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] peptide, transfected with full-length E6 plasmid, transduced with full-length E6-encoding retrovirus, or naturally transformed in humans by HPV infection (Fig. 5A and B) , were recognized by E6 TCR-transduced T cells. Recognized tumor cells included CaSki (a cervical carcinoma) and SCC90 and SCC154 (head and neck carcinomas). Negative control lines lacking either the HLA-A Ã 02:01 restriction element or HPV-16 E6 were not recognized. Tumor recognition provoked multiple T-cell effector functions with production of IFNg and TNFa, as well specific lysis of target cells (Fig. 5A through C) . Specific cell lysis did not titrate with the effector-to-target ratio in some target lines, but it was greater than that of the negative controls (untransduced effector cells and 624 target cells). Taken together, these data demonstrated specific targeting of wild-type, unmanipulated HPV-16 þ cervical, and head and neck tumor cells by E6 TCR gene engineered T cells.
E6 TCR genetically engineered T cells displayed specific
E6 TCR genetically engineered T cells did not cross-react against partially homologous human peptides
The E6 TCR has a lower probability of cross-reactivity against human proteins than TCRs that have been isolated from mice or that have undergone avidity enhancement by complementary region substitutions because it was selected for a lack of autoreactivity in a human thymus and its complementarity determining regions have not been altered. However, we also tested it for cross-reactivity against human peptides sharing more than five of the 10 amino acids from the E6 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] epitope. Sixteen peptides from 15 proteins were identified for testing (Supplementary Table S1 ). A test for reactivity of E6 TCR-transduced T cells against T2 cells loaded with these peptides revealed no recognition of the partially homologous peptides (Fig. 6 ). These findings suggest that the E6 TCR is unlikely to possess cross-reactivity against human proteins. has been reported to escape recognition of E6 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] -specific T cells through low expression of LMP2, LMP7, TAP1, and TAP2 and the proteasome activator PA28 (15) . Similarly, in a separate study, the inability of E7-specific T cells to engage the SCC90 head and neck cancer cell line was attributed to nearly absent levels of LMP2, TAP1, and tapasin in the SCC90 cells (16 ). These results were unexpected given the presumed immunogenicity of these viral proteins. However, to our knowledge, there are no published reports that describe high-avidity T cells targeting E6 or E7 that can specifically recognize HPV þ tumor lines. That high avidity T cells against E6 and E7 may be uncommon is also intimated by clinical observations. Despite sustained oncoprotein expression in the basal epithelial layer, HPV-16-infected patients routinely fail to clear the virus for months or even years (30) . Similarly, in the face of constitutive oncoprotein expression by tumor cells, therapeutic cancer vaccines targeting E6 and E7, although promising in premalignant HPV þ vulvar intraepithelial neoplasia (31, 32) , have been unsuccessful in mediating regression of invasive cancers (8) (9) (10) (11) (12) . Multiple factors likely contribute to the apparently weak Tcell response against E6 and E7, but one may be a lack of highly avid T-cell precursors reactive against these target antigens. In vaccine studies, the frequency of HPV-reactive T cells has been studied, but the functional avidity of these cells has not been reported (8) (9) (10) (11) (12) . Similarly, TILs targeting HPV oncoproteins have been isolated from HPV þ tumors, but the avidity of these T cells was not determined (33) (34) (35) . Our group has reported cervical cancer regression in patients following administration of TIL cultures selected for HPV oncoprotein reactivity, but the avidity of the HPV-specific T cells was not studied, and whether tumor destruction was mediated by HPV-specific T cells or "bystander" T cells in these cultures is unknown (3) . The avidity of the T cells targeting E6 or E7 may be an overlooked but important factor in the success of immunotherapies directed against the HPV oncoproteins. TCR gene therapy, through transgenic expression of a welldefined TCR, permits relatively precise control over the avidity of the tumor-targeting T cells. In addition, ex vivo T-cell expansion before administration enables treatment with a high number of tumor-specific precursors. Lymphocyte-depleting conditioning regimens given before T-cell infusion reduce negative regulatory elements, increase the availability of homeostatic cytokines, and activate innate immunity thereby enhancing the anti-tumor activity of the infused T cells (1) . Finally, TCR gene engineering permits selection or induction of T-cell subsets with augmented capacity to induce tumor regression (21, 36, 37) . Hence, TCR gene therapy can be a potent means of targeting a tumor antigen. However, treatments directed against shared tumor/self antigens such as CEA, MART1, and gp100, although they induced tumor regression in some patients, caused severe autoimmune toxicities that prevented their clinical development (5) . Identification of high avidity TCRs targeting bona fide tumor-specific antigens has been perhaps the limiting factor in the development of effective TCR gene therapy for epithelial cancers (5) . Here, we report the discovery of a TCR that enables targeting of a constitutively expressed, tumor-specific antigen. This TCR may permit the realization of the full potential of TCR gene therapy for the treatment of a family of otherwise incurable and difficult to palliate epithelial tumors. One limitation of the present study is that it does not test the in vivo antitumor activity of E6 TCR gene engineered T cells in an animal model. A clinical trial of E6 TCR gene therapy is presently active (NCT02280811), and will provide needed insight into the clinical value of this approach.
Cross-reactivity of TCRs against antigens expressed by healthy tissues has been a major obstacle to the development of TCR gene therapy for solid tumors (5) . Targeting of antigens with known expression in vital tissues such as eyes, ears, skin, and colon has resulted in dose-limiting toxicities related to tissue injury at those sites. Unrecognized cross-reactivity of TCRs against epitopes other than the intended target has caused fatal toxicity in clinical trials of two different receptors (38) (39) (40) . In both cases, the TCRs had been affinity-enhanced by complementary determining region amino acid substitutions, which introduced new, unintended reactivities. The E6 TCR is unlikely to possess cross-reactivity against human proteins because it targets an antigen that is expressed only by viruses, it was isolated from a human (i.e., underwent thymic selection, which would be expected to limit autoreactivity), and its complementarity determining regions are unaltered. In addition, our screen for reactivity against peptides with partial homology to E6 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] revealed no recognition of these peptides (Fig. 6) . Hence, the E6 TCR appears to be a relatively safe TCR for testing in human subjects. The patient from whom the E6 TCR was isolated experienced an unusual clinical course characterized by increasing disease-free intervals between surgical tumor resections and a prolonged (and ongoing) disease-free interval following her second metastasectomy. This type of prolonged disease-free survival or cure is known to occur following surgical resection of metastatic cancer despite the presumed presence of widespread microscopic disease, but the mechanism of the phenomenon is poorly understood. It has been speculated that an antitumor T-cell response may eliminate or control micrometastatic tumors preventing the emergence of clinically evident cancer in these patients. However, an immunologic "smoking gun," a T-cell targeting a tumor-specific antigen and capable of tumor recognition, has not been recovered in reported cases. This patient was found to harbor in her resected tumor a population of T cells with high avidity for the HPV-16 E6 tumor antigen. The frequency of this HPV-16 E6 T-cell clonotype was approximately 400-fold greater in the tumor than in the peripheral blood indicating its preferential localization to the tumor presumably due to its targeting of a tumor antigen. Also supporting this notion, T cells genetically engineered to express the TCR from this clonotype displayed specific recognition of a panel of HPV-16 þ tumors from cervical and head and neck cancers. These findings suggest that the E6 TCR possessed reactivity against the patient's tumor. Whether it played a role in the patient's clinical course is unknown. A clinical trial to test whether it can be used to the benefit of other patients is now active (NCT02280811).
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